The advent of hyperpolarized 13 C magnetic resonance (MR) has provided new potential for the real-time visualization of in vivo metabolic processes. The aim of this work was to use hyperpolarized [1-13 C]pyruvate as a metabolic tracer to assess noninvasively the flux through the mitochondrial enzyme complex pyruvate dehydrogenase (PDH) in the rat heart, by measuring the production of bicarbonate (H 13 CO 3 ؊ ), a byproduct of the PDH-catalyzed 
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iabetes and heart failure are characterized by altered plasma substrate composition and altered substrate utilization (1, 2) . The healthy heart relies on a sophisticated regulation of substrate metabolism to meet its continual energy demand. Normally, the heart derives Ϸ70% of its energy from oxidation of fatty acids, with the remainder primarily from pyruvate oxidation, derived from glucose (via glycolysis) and lactate. However, when plasma substrate composition is altered, the relative contributions of lipids, carbohydrates, and ketone bodies to cardiac energetics can vary substantially (1, 3) . Before oxidation, all substrates are converted to acetyl-CoA, a two-carbon molecule that enters the Krebs cycle. Carbohydrate-derived pyruvate is transported into the mitochondria and irreversibly converted to acetyl-CoA by the pyruvate dehydrogenase enzyme complex (PDH). Fatty acids are converted to acetyl-CoA via mitochondrial ␤-oxidation. Philip Randle (4) described the quantitative competition for respiration between glucose and fatty acids and the marked variation in their roles as major fuels for the heart as the glucose-fatty acid cycle.
In vivo control of the PDH enzyme complex is a fundamental determinant of the relative contributions of glucose and fatty acid oxidation to ATP production in the heart (1, 3, 5) . PDH is present in the mitochondrial matrix in an active dephosphorylated form and an inactive phosphorylated form (5, 6) . PDH is covalently inactivated by phosphorylation, by pyruvate dehydrogenase kinase (PDK). Dephosphorylation by pyruvate dehydrogenase phosphatase (PDP) reactivates the enzyme. High intramitochondrial concentrations of acetyl-CoA and NADH, the end products of pyruvate, fatty acid, and ketone body oxidation, stimulate PDK, thus inactivating PDH (7) . Enhanced pyruvate availability may inhibit PDK, increasing PDH activity (8) . Through these direct and indirect mechanisms altered plasma substrate composition can alter the phosphorylation state and thus activity of the PDH enzyme complex (7) . Elevated insulin concentrations are thought to stimulate PDP acutely, thereby dephosphorylating and activating PDH (9) . The relative activities of PDK and PDP determine the proportion of PDH that is in the active dephosphorylated form.
The link between PDH regulation and disease has made the assessment of substrate selection and PDH activity important benchmarks in the study of heart disease. To date, measurement of cardiac PDH activity has been performed with invasive biochemical assays, whereas substrate selection has been monitored via radiolabeling (10) (11) (12) or carbon-13 ( 13 C) magnetic resonance (MR) spectroscopy in the isolated perfused heart (13, 14) . These techniques are not feasible for monitoring PDH repeatedly in the same organism, however, or for clinical diagnosis. The development of metabolic imaging with hyperpolarized MR (15, 16) has enabled unprecedented visualization of the biochemical mechanisms of normal and abnormal metabolism (17) (18) (19) (20) , making the in vivo measurement of PDH flux a possibility. In vivo, the hyperpolarized tracer [1-13 C]pyruvate rapidly generates the visible metabolic products [1- 13 C]lactate, [1-13 C]alanine, and bicarbonate (H 13 CO 3 Ϫ ), which exists in equilibrium with carbon dioxide ( 13 CO 2 ). Because it is the PDHmediated decarboxylation of pyruvate into acetyl-CoA that produces 13 CO 2 , monitoring the production of hyperpolarized H 13 CO 3 Ϫ should enable a direct, noninvasive measurement of flux through the PDH enzyme complex (19) , which is highly dependent on PDH activity in vivo.
The aim of this work was to demonstrate that hyperpolarized [1- 13 C]pyruvate may be used as a tool for assessing flux through the PDH enzyme complex in vivo in the heart by detection of H 13 CO 3 Ϫ . We examined two well characterized rat models, overnight fasting and streptozotocin (STZ)-induced type 1 diabetes, in which altered plasma metabolite composition is known to decrease glucose oxidation and modulate PDH activity by phosphorylation of the enzyme complex (21, 22) . Hyperpolarized [1- 13 C]pyruvate was used to assess flux through PDH qualitatively by comparing the observed H 13 CO 3 Ϫ production in control rats with H 13 CO 3 Ϫ production in fasted and diabetic rats. The alterations in PDH flux as determined with hyperpolarized 13 C MR are in line with previous measurements of PDH activity in each of these conditions, made with conventional destructive methods (3, (23) (24) (25) (26) . This work has provided preliminary evi-dence that hyperpolarized 13 C MR may be a useful technique for the noninvasive determination of metabolic fluxes in the heart.
Results
All acquired hyperpolarized 13 C MR spectra were of high signal-to-noise ratio, and peaks relating to the injected [1-13 C]pyruvate, as well as the metabolic products, [1- 13 C]lactate, [1-13 C]alanine, and H 13 CO 3 Ϫ , were clearly visualized ( Fig.  1) . A typical series of in vivo spectra from a control fed rat are also shown in Fig. 1 , along with an example time course of the variation in peak areas of each metabolic product. The arrival of pyruvate after injection was observed as a resonance at Ϸ170 ppm, which reached a peak 7-9 s after the onset of injection and subsequently decayed because of the loss of hyperpolarization and metabolic conversion. After a very short delay (1-3 s) [1- 13 C]alanine) increased because of the reversible enzyme-mediated exchange of the 13 C label. The subsequent signal decay was dominated by the relaxation of the hyperpolarized signal, although some loss can be attributed to the applied RF pulses and removal of metabolic products from the heart.
After the injection of hyperpolarized [1-13 C]pyruvate, no change was observed in the heart rate of all animals [415 Ϯ 31 beats per minute (bpm) before injection, 419 Ϯ 31 bpm after injection], but there was a 10% increase in breathing rate (54 Ϯ 9 bpm before injection, 60 Ϯ 14 bpm after injection) and a 1.4% increase in body temperature (36.5 Ϯ 0.9°C before injection, 37.0 Ϯ 0.8°C after injection).
In the six control rats studied with hyperpolarized 13 C MR, the ratio of the maximum H 13 CO 3 Ϫ peak area to the maximum [1-
13 C]pyruvate peak area (maximum H 13 CO 3 Ϫ :pyruvate ratio) was 0.020 Ϯ 0.005.
Overnight Fasting. Overnight fasting resulted in a 30% decrease in plasma glucose and a 70% decrease in plasma insulin compared with the control rats, along with a 90% increase in plasma fatty acids and a 180% increase in plasma 3␤-hydroxybutyrate (Table  1) . After an overnight fast, the maximum H 13 CO 3 Ϫ :pyruvate ratio was 0.005 Ϯ 0.003, a 74% decrease in H 13 CO 3 Ϫ production relative to the amount of injected pyruvate compared with control fed rats (P Ͻ 0.001). Fig. 2 illustrates this result in terms of the observed MR spectra and the quantified bicarbonate:pyruvate ratio.
STZ-Induced Diabetes. At baseline, the six healthy rats had a maximum H 13 CO 3 Ϫ :pyruvate ratio of 0.026 Ϯ 0.002. Injection with STZ led to a 90% increase in plasma glucose after 5 days in five of the six rats injected with STZ, compared with control rats from the overnight fasting study. This finding indicated that these five rats were in the early diabetic state. Body weights were significantly lower 5 days after STZ injection, dropping 13 Ϯ 10 g, although insulin, plasma free fatty acid, and 3␤-hydroxybutyrate levels did not significantly change (Table 1 ). In the five diabetic rats, hyperpolarized 13 C MR revealed a maximum H 13 injected pyruvate after STZ injection compared with rats pre-STZ injection (Fig. 3, P Ͻ 0.02) .
Further, in all six rats, bicarbonate production correlated negatively with the severity of STZ-induced type 1 diabetes, as qualitatively indicated by the extent of blood glucose elevation. Fig. 4 depicts the correlation between bicarbonate production and blood glucose. In the rats that were affected to a lesser extent by the STZ injection and had either normal or only slightly elevated blood glucose, bicarbonate production remained high; the more severely diabetic rats with very high blood glucose showed depressed bicarbonate production.
Discussion
Use of hyperpolarized 13 C MR revealed substantial differences in the in vivo cardiac pyruvate metabolism of normal fed rats, rats starved for an excess of 14 h, and rats before and after type 1 diabetes had been induced. Fasted rats showed a virtual depletion of H 13 CO 3 Ϫ production, whereas rats injected with STZ showed a reduction in H 13 CO 3 Ϫ production in direct proportion to the severity of their disease. These results depicted the reduction in PDH-mediated pyruvate decarboxylation and Krebs cycle uptake as a result of physiological adaptation to starvation and maladaptation caused by type 1 diabetes. Hyperpolarized 13 C MR noninvasively detected the changes in PDH flux with high sensitivity, showing significant differences between normal rats and altered metabolic states with low experimental numbers and little variability within each group. This work indicated that hyperpolarized 13 C MR reliably recognizes changes in metabolism caused by both physiological and pathological perturbations. Further, in combination with a previous study of local hyperpolarized H 13 CO 3 Ϫ production after myocardial ischemia (27) , this investigation of STZ-induced diabetes indicates the potential utility of hyperpolarized 13 C MR in clinical diagnosis of heart disease.
Extensive ex vivo and in vitro studies of cardiac metabolism in fasted and diabetic rats have shown profound changes in substrate selection and PDH activity, characteristic of these conditions. In both starvation and STZ-induced diabetes, the heart switches almost exclusively to use of fatty acids and ketone bodies for its ATP requirements (1, 2, 7, 22, 24) at the expense of glucose and pyruvate oxidation. This switch in substrate utilization is dominated by decreased PDH activity, concomitant with increased PDK expression (28) and decreased PDP expression (29) . A decrease in percentage cardiac PDH activity of between 70 and 95% has been measured in vitro and reported in rats after 4-24 h of starvation (3, 23, 24) , whereas a decrease of between 50 and 80% has been measured in vitro in experimentally induced diabetes (3, (24) (25) (26) . Our results, based on measurement of H 13 CO 3 Ϫ production, detected a decrease in in vivo PDH flux of 74% in fasted rats and 65% in diabetic rats, values 
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that were of the same magnitude as in vitro data describing PDH activity in rats under the same conditions (3, (23) (24) (25) (26) . The agreement between our results and literature values provides evidence that the qualitative measurement of H 13 CO 3 Ϫ production with hyperpolarized 13 C MR does accurately portray flux through PDH and suggests that activity of the PDH enzyme complex may be the dominant influence on the reduction of PDH flux in starvation and diabetes observed in this work. Further, the link between disordered substrate selection in heart disease and the chronic regulation of PDH activity suggests that the technique used here may be invaluable in the clinical management of diabetes and other forms of heart disease, in terms of early detection, monitoring of disease severity and risk assessment, and in development of novel metabolic treatments.
The cardiac spectra reported in this work were localized with a surface coil placed over the chest. It is certain that contamination from neighboring organs, notably blood, liver, and skeletal muscle, contributed to our results, especially in the detection of [1-13 C]lactate and [1-
13 C]alanine. However, we are confident that the [1-13 C]pyruvate to H 13 CO 3 Ϫ metabolism described here was dominated specifically by cardiac metabolism, based both on the metabolic time course of H 13 CO 3 Ϫ (Fig. 1 ) and the high metabolic turnover of the heart. After pyruvate administration into the tail vein, it would have traveled directly to the heart for its earliest metabolism, reaching other organs, including skeletal muscle and the liver, at a later time point. The time course of bicarbonate production closely followed the time course of injected pyruvate in that the initial detection and accumulation of H 13 CO 3 Ϫ occurred within 1-3 s of pyruvate arrival in the chest. It seems unlikely that H 13 CO 3 Ϫ produced anywhere outside the heart would appear so rapidly after cardiac pyruvate delivery. Further, the extremely high rate of PDH and Krebs cycle flux in the heart (19) compared with liver (30, 31) and resting skeletal muscle (32, 33) and low concentration of the PDH enzyme complex in the constituents of blood, notably white blood cells and platelets (34) , provide further evidence that the bicarbonate measurements in this work reflected local cardiac metabolism and that any contribution to H 13 CO 3 Ϫ signal from neighboring organs was negligible.
This work has demonstrated the potential for hyperpolarized 13 C MR to follow metabolic pathway fluxes, noninvasively and in vivo. However, to extract quantitative kinetic information from hyperpolarized 13 C MR experiments, a better understanding of the interaction between the injected hyperpolarized tracer and the physiological system is necessary. Parameters including the in vivo nuclear T 1 relaxation time of pyruvate and its metabolites, the effect of RF pulsing, and the plasma and intracellular concentrations of injected pyruvate must be determined to enable quantitative in vivo measurement of PDH flux.
Supraphysiogical levels of pyruvate may cause functionally important intracellular pH changes (35) because a proton is transported into cells concurrently with each molecule of pyruvate (36) as well as shifting the plasma pH and redox potential (37) , effects that fundamentally influence quantitative tracking of pyruvate metabolism. The hyperpolarized 13 C MR protocol used in this work had the major advantage that all data reported were acquired within 30 s of injection, and thus acquisition likely Blood Glucose Level / mM Fig. 4 . Relationship between blood glucose and bicarbonate:pyruvate ratio in six rats, 5 days after induction of type 1 diabetes with STZ (r ϭ Ϫ0.93). In rats with the highest blood glucose, the increased severity of the disease further inhibited PDH-mediated bicarbonate production.
preempted any physiological changes induced by supraphysiological levels of pyruvate. In this work, we observed no change in heart rate after injection of hyperpolarized pyruvate, but we did observe a small increase in breathing rate and temperature. † The small measured change in breathing rate and any possible changes in pH and blood pressure (parameters not measured) should not have altered cardiac metabolism within the first 30 s after pyruvate injection and should therefore not have affected our measurements. Further, elevated mitochondrial pyruvate concentration has been demonstrated to enhance PDH activity within several minutes (8, 38) . In the subminute time frame of this hyperpolarized MR experiment, however, the only effect expected was the provision of additional PDH substrate compared with the products, acetyl-CoA, NADH, and CO 2 .
Although ex vivo and in vitro studies of cardiac disease have demonstrated that changes in substrate selection do take place, they are limited, in that most studies generate steady-state, rather than real-time, information. Low metabolite concentrations imply that radioisotope and MR spectroscopy studies of cardiac metabolism require long periods of time to build up detectable levels of signal, on the order of several minutes. However, the advent of hyperpolarized 13 C MR, in which 13 C signal is amplified by Ͼ10,000-fold, has made real-time visualization of substrate uptake and metabolism possible. The potential to measure instantaneous transporter affinity for a given metabolic tracer and the rate of its enzymatic conversion to other species may enable us to elucidate subtle mechanistic changes that cause altered substrate selection. Further, traditional ex vivo (10, 11, 14, 25) and in vitro (23, 24, 26) studies of metabolism are inherently destructive methods, relying on terminal experiments that prevent investigation of disease progression. Our use of hyperpolarized 13 C MR to study STZ-induced diabetes has demonstrated the ability of this technique to examine living animals serially throughout the course of a disease. Monitoring real-time metabolism throughout various stages of a particular disease may enhance general understanding of the cause of the disease, its advancement in severity, and its response to therapy.
Materials and Methods
The [1-13 C]pyruvate was obtained from GE Healthcare. The trityl radical and 3-Gd gadolinium complex were supplied by GE Healthcare under a research agreement and may be difficult to obtain. All rats were housed on a 12:12-h light-dark cycle (lights on 7 a.m. and lights off at 7 p.m.) in animal facilities at the University of Oxford. All animal studies were performed between 8 a.m. and 3 p.m., during their early absorptive (fed) state, unless otherwise indicated. All investigations conformed to Home Office Guidance on the Operation of the Animals (Scientific Procedures) Act (HMSO) of 1986 and to institutional guidelines.
Overnight Fasting. Two groups of six male Wistar rats (200-250 g) were each examined with hyperpolarized 13 C MR, as described below. One group was fasted overnight before the examination, with food removed at 1800 h on the day before the experiment. This corresponded with fasting for Ͼ14 h from the time food was removed. The second control group was examined in the fed state, with food and water available ad libitum. Following the hyperpolarized 13 C MR protocol, rats were recovered from anesthesia and sacrificed for measurement of plasma metabolites.
STZ-Induced Diabetes. Six male Wistar rats (200 -275 g) were initially examined via the hyperpolarized 13 C MR protocol, such that each rat could serve as its own experimental control. Type 1 diabetes was subsequently induced with a single i.p. injection of freshly prepared STZ (50 mg/kg body weight) in 50 mM cold citrate buffer (pH 4.5). Five days after STZ diabetes induction, rats were again examined with the hyperpolarized 13 C MR protocol. Rats were then recovered and sacrificed for measurement of post-STZ plasma metabolites, to confirm diabetic status.
Pyruvate Polarization and Dissolution. Approximately 40 mg of [1-13 C]pyruvic acid, doped with 15 mM trityl radical and 0.8 l of 3-Gd (14.6 mM), was hyperpolarized in a polarizer, with 45 min of microwave irradiation as described in ref. 15 . The sample was subsequently dissolved in a pressurized and heated alkaline solution, containing 100 mg/liter EDTA, to yield a solution of 80 mM hyperpolarized sodium [1-13 C]pyruvate with a polarization of Ϸ30% and physiological temperature and pH (17) .
Animal Handling. Isofluorane anesthesia was used for induction at 2.5% in oxygen, and body temperature was monitored and maintained at 37°C. A catheter was introduced into the tail vein for i.v. administration of the hyperpolarized solution, and rats were then placed in a home-built animal-handling system. ‡ ECG, respiration rate, and body temperature were monitored throughout the experiment, and air heating was provided. These parameters were recorded 5 min before pyruvate injection and Ϸ1 min after pyruvate injection. Anesthesia was maintained by means of 1.7% isofluorane delivered to, and scavenged from, a nose cone during the experiment, followed by full recovery.
Hyperpolarized 13 C MR Protocol. A home-built 1 H/ 13 C butterfly coil (loop diameter, 2 cm) was placed over the rat chest, localizing signal from the heart. Rats were positioned in a 7 T horizontal bore MR scanner interfaced to an Inova console (Varian Medical Systems). Correct positioning was confirmed by the acquisition of an axial proton FLASH image (TE/TR, 1.17/2.33 ms; matrix size, 64 ϫ 64; FOV, 60 ϫ 60 mm; slice thickness, 2.5 mm; excitation flip angle, 15°). An ECG-gated shim was used to reduce the proton linewidth to Ϸ120 Hz.
Immediately before injection, an ECG-gated 13 C MR pulse-acquire spectroscopy sequence was initiated. One milliliter of hyperpolarized pyruvate was injected over 10 s into the anesthetized rat. Sixty individual cardiac spectra were acquired over 1 min after injection (TR, 1 s; excitation flip angle, 5°; sweep width, 6,000 Hz; acquired points, 2,048; frequency centered on the pyruvate resonance).
Plasma Metabolites. One hour after recovery from anesthesia, rats were killed by exsanguination after a 1-ml injection (i.p.) of pentobarbitone sodium. Approximately 3 ml of blood was drawn from the chest cavity after the heart was excised. Blood was immediately centrifuged (1,000 ϫ g for 10 min at 4°C), and plasma was removed. A 200-l aliquot of plasma was separated, and the lipoprotein lipase inhibitor tetrahydrolipostatin was added for nonesterified fatty acid (NEFA) analysis. All plasma samples were immediately frozen and stored at Ϫ80°C. An ABX Pentra 400 (Horiba ABX Diagnostics) was used to perform assays for plasma glucose, NEFAs (Wako Diagnostics) and 3␤-hydroxybutyrate (Randox Co.). Plasma insulin was measured by using a rat insulin ELISA (Mercodia).
MR Data Analysis. Cardiac 13 C MR spectra were analyzed by using the AMARES algorithm as implemented in the jMRUI software package (39) . Spectra were baseline and DC offset-corrected based on the last half of acquired points. Peaks corresponding with pyruvate and its metabolic derivatives lactate, alanine, and bicarbonate were fitted with prior knowledge assuming a Lorentzian line shape, peak frequencies, relative phases, and linewidths. Quantified peak areas were plotted against time in Excel (Microsoft). The maximum peak area of each metabolite over the 60 s of acquisition was determined for each series of spectra. Relative H 13 CO 3 Ϫ production was calculated as a ratio of H 13 CO 3 Ϫ :pyruvate by dividing the maximum H 13 CO 3 Ϫ peak area by the maximum pyruvate peak area. The maximum pyruvate and H 13 CO 3 Ϫ peak areas were not necessarily at the same time point and were determined solely by their magnitude. This normalized any variations between datasets in polarization, pyruvate concentration after dissolution, and pyruvate injection volume and rate, thus providing a measure of H 13 CO 3 Ϫ based on the pyruvate delivery in each particular experiment.
Statistical Analysis.
Values reported are means Ϯ SD. Statistical significance between the control and fasted groups, and between the control and diabetic groups, were assessed by using a two-sample t test assuming unequal variances. Significant differences in MR data before and after STZ injection were assessed by using a paired two-sample t test for means. Statistical significance was considered at the P Ͻ 0.05 level.
